Data and analysis code have been deposited into github and made publicly available at: <https://github.com/jenna-tb-ekwealor/hypolithic-moss>.

Introduction {#sec001}
============

Competitive exclusion and habitat selection theory posit that differential habitat selection may permit organisms of similar phenotypes to coexist \[[@pone.0235928.ref001]--[@pone.0235928.ref003]\]. This phenomenon can be observed in spatial and temporal differentiation, both of which are well-documented in plants \[[@pone.0235928.ref004]\]. Similarly, soil microorganisms exhibit habitat differentiation and resource partitioning, promoting species coexistence due to spatial heterogeneity \[[@pone.0235928.ref005]\]. Cryptobiosis, or dormancy, is common among soil microorganisms and can be understood as a form of temporal habitat differentiation, where organisms "occur" at different times in the same space. Biological soil crusts (biocrusts), communities of bryophytes, lichens, fungi, cyanobacteria, and other microorganisms living on the surface of the soil in deserts and drylands, exhibit impressive cryptobiosis \[[@pone.0235928.ref006]\]. Temporal partitioning is a critical strategy for these organisms, which may be desiccated and dormant for several consecutive months of each year. While many mosses are found in cool, low light environments, several species are abundant in deserts and drylands as important members of these biocrust communities.

As poikilohydric organisms, mosses equilibrate rapidly to ambient water content. This means that in the desert, which often experiences low humidity and high potential evapotranspiration, mosses can lose virtually all of their cellular free water and still resume normal growth once rehydrated; a complex trait known as desiccation tolerance \[[@pone.0235928.ref007]\]. Some of the most desiccation tolerant plants are species in the genus *Syntrichia*, which represent dominant members of Mojave Desert biocrust communities. However, even within harsh macroclimates, desert mosses may find climate buffering and more temperate conditions in the microenvironments that they occupy. For example, mosses are effective dew collectors, an important water source in very arid climates \[[@pone.0235928.ref008]\].

Similarly, mosses occupy microhabitats that may experience dramatically different light environments than the macroenvironment might suggest. For instance, many desert mosses occur under the shade of larger vascular plants \[[@pone.0235928.ref009],[@pone.0235928.ref010]\], where they can take advantage of variable light and brief sun flecks when hydrated. Still, mosses are often found in open, exposed spaces, experiencing intensity of sunlight far beyond their light saturation points \[[@pone.0235928.ref011]\]. Thus, during hot, dry summer months, exposed biocrust mosses experience intense solar radiation with no ability to actively repair damage caused by UV and excess photosynthetically active radiation (PAR). Furthermore, while dry, these mosses are unable to use any PAR for photosynthesis. While quiescent, though, desiccated mosses do have passive avoidance strategies. Most mosses exhibit leaf-curling when dry, a mechanism that may reduce direct sunlight on leaf lamina \[[@pone.0235928.ref012],[@pone.0235928.ref013]\]. Many desert mosses also have translucent leaf cells at the tips of their leaves, some even extending into long, hyaline awns, possibly reducing solar absorbance by increasing reflectance \[[@pone.0235928.ref012]--[@pone.0235928.ref014]\]. Furthermore, some mosses accumulate pigments such as carotenoids, anthocyanins, and UV-absorbing compounds such as flavonoids that may act as passive sunscreens \[[@pone.0235928.ref015]--[@pone.0235928.ref019]\].

Hypoliths are organisms that live under and on the belowground surface of translucent and opaque stones (typically quartz) that are embedded in the soil surface \[[@pone.0235928.ref020]\]. While they can occur anywhere suitable substrate is available, they are common in drylands \[[@pone.0235928.ref021]\], the largest terrestrial biome. Hypoliths experience enhanced water availability relative to surrounding soil organisms due lower evaporation, higher relative humidity (RH), and capture of water via fog condensation \[[@pone.0235928.ref021]\]. Nonetheless, dryland hypolithic habitats are still colonized by poikilohydric organisms that must withstand extended periods without water \[[@pone.0235928.ref022]\]. Cyanobacteria are the most common and dominant organisms in hypolithic communities \[[@pone.0235928.ref021]\], particularly taxa from the genus *Chroococcidiopsis* \[[@pone.0235928.ref023]\].

Moss can be observed growing adjacent to hypolithic cyanobacteria-harboring quartz rocks \[[@pone.0235928.ref020]\] and hypolithic communities may even be a necessary successional step for moss growth in some ecosystems \[[@pone.0235928.ref024],[@pone.0235928.ref025]\]. Though less frequently, mosses also occur in hypolithic habitats, especially in extreme environments \[[@pone.0235928.ref020],[@pone.0235928.ref026]--[@pone.0235928.ref029]\]. For instance, a single patch of *Tortula inermis* was reported under a crystalline rock in Death Valley \[[@pone.0235928.ref030]\], and there are additional reports of temperate hypolithic mosses \[[@pone.0235928.ref031]\], including an endemic obligate hypolith from Kansas in the Great Plains of the United States \[[@pone.0235928.ref032]\]. Overall, studies including hypolithic mosses are limited and there are even fewer that aim to characterize the hypolithic moss community within a local area. This work serves as an important addition to this understudied topic, which has the potential to extend understanding of habitat partitioning and drivers of moss species diversity in arid environments. The main objective of this study was to compare hypolithic and soil surface moss communities in a western Mojave Desert wash. Specifically, we aimed to (1) compare relevant physical characteristics to determine whether microclimatic conditions differ significantly between hypolithic and adjacent soil surface microhabitats, and (2) test whether species composition or growth characteristics differ in hypolithic and adjacent soil surface microhabitats.

Methods {#sec002}
=======

Site description & microclimate monitoring {#sec003}
------------------------------------------

The Sheep Creek Wash Mojave Desert site was visited and sampled in June of 2014. The site is at 1900 m elevation at the west end of the Mojave Desert and the northern base of the San Gabriel Mountains near Wrightwood, CA (34°22\'33.85\"N, 117°36\'34.59\"W). The average high and low annual temperatures are 16.3 °C and 1.6 °C, respectively, with an average annual precipitation of 49.4 cm (2005--2009, Wrightwood Weather Station, NOAA National Climatic Data Center). Soil mosses in this rocky wash grow in a semi-continuous carpet ([Fig 1A and 1B](#pone.0235928.g001){ref-type="fig"}).

![Field site and habitat of soil surface and hypolithic mosses at Sheep Creek Wash, Mojave Desert, CA.\
(A) Vegetation and environment in the study site. (B) Mosses growing in a rocky, semi-continuous carpet. Moss growing on the soil surface near a milky quartz rock (indicated with arrow). (C) Sampling sites for hypolithic (white arrow) and adjacent soil surface (black arrow) microhabitats.](pone.0235928.g001){#pone.0235928.g001}

In order to understand how the hypolithic microclimate compares to that of the surface, temperature and RH were measured with iButton hygrochrons (Maxim Integrated, San Jose, CA, USA) from September 2019 to February 2020. One iButton was deployed under a quartz rock that had moss growing under it and the other on a nearby soil surface moss (within 1 m of the quartz rock). Data were recorded once every hour and were summarized to find the high and low temperatures and relative humidities of each day. Mean daily highs and lows from each microhabitat type (soil surface and hypolithic) were compared using the paired Student's T-test. The difference in temperature and RH between surface and hypolithic microhabitats was calculated for each hourly time point. Differences in RH were binned into 20% bins, which were then used to calculate the proportion of total time that the difference in RH between microhabitats was greater than 10%.

Light transmittance {#sec004}
-------------------

Average amount of 650 nm light transmittance through sampled quartz rocks was calculated with a Beer's Law equation for Mojave Desert quartz pebbles \[[@pone.0235928.ref033]\]. These estimates were tested empirically with Onset HOBO Pendant temperature & light data loggers (Onset Computer Corporation, Bourne, MA, USA) and two milky quartz rocks collected from the study site (approximately 10 mm and 25 mm thick at center) in a growth chamber and in outdoors in full sunlight.

Sample collection {#sec005}
-----------------

Restriction of the hypolithic moss community to quartz rocks was first tested by pairing inspection under quartz rocks with inspection under non-quartz rocks of similar size within a 2 m x 2 m quadrat. To compare hypolithic and soil surface moss communities, samples were collected in approximately 0.5 cm clumps under and on the soil surface immediately adjacent to each quartz rock in a randomly selected 1 m x 1 m quadrat. Collection continued with sampling one quadrat every 3 m along two 15 m linear north-south (N-S) transects, 6 m apart from one another, for a total of 8 quadrats, 18 quartz rocks, and 53 moss samples. At the time of collection, quartz approximate thickness at center was measured to the nearest millimeter. Each sample was stored air-dried in a plastic box for subsequent species identification and shoot measurements. Samples were collected under a USDA US Forest Service permit to K. Fisher.

Species composition {#sec006}
-------------------

Shoots from each field collection were dissected and observed under dissecting and compound microscopes in both desiccated and hydrated states to identify to species using characteristic shoot morphology and leaf cross-sections \[[@pone.0235928.ref034]--[@pone.0235928.ref036]\]. Statistical difference between relative abundance of mosses in surface and hypolithic positions was tested with a 3 × 2 contingency table and Fisher's exact test \[[@pone.0235928.ref037]\].

Shoot length & leaf density {#sec007}
---------------------------

Each of 349 *Syntrichia caninervis* shoots (n~HYP~ = 50, n~SUR~ = 299) was placed under a dissecting microscope to be measured digitally using a calibrated Motic microscope and software (Motic, Hong Kong, China). Only the length of shoot containing living tissue was measured. The boundaries of living tissue were determined by identifying leaves that had chlorophyllose tissue or other uniform pigmentation and that remained relatively closed when dry. Dead tissue, on the other hand, comprised open, damaged leaves with faded or blotchy pigmentation. Shoot lengths were first tested for normality with a Shapiro test \[[@pone.0235928.ref038]\] and then compared with a Wilcoxon test \[[@pone.0235928.ref039]\].

Leaf density was approximated on a subset of shoots. One shoot per remaining moss sample was selected at random and dead tissue was removed as above. Shoots were rehydrated and leaves were carefully removed and counted. Stem lengths were measured, and leaf density was calculated as number of leaves divided by stem length. Leaf density data were first tested for normality with a Shapiro test \[[@pone.0235928.ref038]\] and then compared with a Wilcoxon test \[[@pone.0235928.ref039]\].

Results {#sec008}
=======

Microclimate {#sec009}
------------

The mean daily high temperature on the soil surface was more than 2 °C warmer than in the hypolithic microhabitat under a quartz rock, while the mean daily low of the soil surface was almost 2 °C lower than the hypolithic space (*P* \< 0.0001, [Table 1](#pone.0235928.t001){ref-type="table"}). Over the microclimate monitoring period, soil surface temperatures were frequently warmer than the hypolithic microhabitat during the day and cooler at night ([Fig 2](#pone.0235928.g002){ref-type="fig"}). The quartz hypolithic microhabitat was slightly but consistently warmer during two periods of snow cover in November and December \[[@pone.0235928.ref040]--[@pone.0235928.ref043]\]. The mean daily low RH also differed between the soil surface and the hypolithic microhabitat. The mean daily low RH on the soil surface was 32.5% while in the hypolithic microhabitat under a quartz rock it was 62.5% (*P* \< 0.001, [Table 1](#pone.0235928.t001){ref-type="table"}). There was no significant difference in the mean daily high RH between the soil surface and the hypolithic microhabitat. During the first two months of microclimate monitoring, differences in RH were smaller in magnitude (within about 25%), with a general pattern of higher RH in the hypolithic microhabitat during the day and lower RH at night ([Fig 3](#pone.0235928.g003){ref-type="fig"}). However, from mid-November to end of February, RH was almost always higher in the hypolithic microhabitat, even at night. The times where RH was not higher under the quarts mostly correspond to two snow-covered periods \[[@pone.0235928.ref040]--[@pone.0235928.ref043]\] in which there was no difference in RH between the microhabitats. Over the monitoring period, 51.4% of the time RH was more than 10% higher in the hypolithic microhabitat compared to the soil surface. For 18.4% of the time, the hypolithic microhabitat was more than 10% lower in RH than on the soil surface, while 30.2% of the time the RH measurements in the two microhabitats were within 10% of each other.

![Difference in temperature (°C) between soil surface and hypolithic microhabitats in Sheep Creek Wash over five months.\
The difference in temperature between Sheep Creek Wash soil surface and quartz hypolithic microhabitats measured hourly from September 2019 to February 2020. Temperature difference is calculated as surface temperature---hypolithic temperature. Light blue line indicates "day" hours, from 6 am-- 6 pm PDT, while dark blue line indicates "night" (6 pm-- 6 am PDT).](pone.0235928.g002){#pone.0235928.g002}

![Difference in percent relative humidity between soil surface and hypolithic microhabitats in Sheep Creek Wash over five months.\
The difference in relative humidity (RH) between Sheep Creek Wash soil surface and quartz hypolithic microhabitats measured hourly from September 2019 to February 2020. RH difference is calculated as hypolithic RH---surface RH. Light blue line indicates "day" hours, from 6 am-- 6 pm DST, while dark blue line indicates "night" (6 pm-- 6 am DST).](pone.0235928.g003){#pone.0235928.g003}

10.1371/journal.pone.0235928.t001

###### Microclimate in soil surface and hypolithic microhabitats from Sheep Creek Wash, Mojave Desert.

![](pone.0235928.t001){#pone.0235928.t001g}

                                          Surface       Hypolithic    *P*-value
  --------------------------------------- ------------- ------------- -----------
  Mean daily low temperature (°C)         5.65 ± 5.03   7.98 ± 5.35   \< 0.001
  Mean daily high temperature (°C)        21.6 ± 12.8   18.9 ± 11.6   \< 0.001
  Mean daily low relative humidity (%)    32.5 ± 31.2   63.9 ± 39.5   \< 0.001
  Mean daily high relative humidity (%)   71.7 ± 27.5   71.4 ± 34.9   ns

Paired Student's T-test, n = 158. ns = not significant.

Quartz light transmittance {#sec010}
--------------------------

The average thickness of 18 quartz rocks that harbored hypolithic mosses in our study was approximately 26 ± 15 mm at the center, with rocks ranging from about 6 to 60 mm. According to the Beer's law [Eq (1)](#pone.0235928.e001){ref-type="disp-formula"} of the line for transmission of 650 nm light as a function of Mojave Desert quartz thickness \[[@pone.0235928.ref033]\], only 0.065% of 650-nm light is transmitted through a 26 mm Mojave Desert milky quartz rock.

![](pone.0235928.e001.jpg){#pone.0235928.e001g}
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Average light transmittance for all 18 rocks that harbored hypolithic mosses in our study was found to be 1.2%, σ = 2.6% using [Eq (1)](#pone.0235928.e001){ref-type="disp-formula"}. According to our own measurements of light transmission through quartz collected from the study site, light intensity under a rock approximately 25 mm thick at center was 0.4% that of the exposed surface next to the rock. Under the 10 mm quartz rock, light was approximately 4% relative to surface intensity.

Quartz restriction of hypoliths {#sec011}
-------------------------------

Eight of nine quartz rocks in a 2 m × 2 m quadrat harbored some hypolithic moss, while none of the nine similarly sized non-quartz rocks in the same quadrat had mosses growing underneath.

Moss community composition {#sec012}
--------------------------

Of the 53 hypolithic and surface samples, 36 (68%) were *S*. *caninervis*, 15 (28%) were *T*. *inermis*, and 2 (4%) were *Bryum argenteum*. *Tortula inermis* was significantly more likely to be found in hypolithic microenvironments, while *S*. *caninervis* was more abundant on adjacent soil surfaces ([Table 2](#pone.0235928.t002){ref-type="table"}, *P* = 0.003). Specifically, 24/36 (67%) of *S*. *caninervis* samples were found in soil surface positions adjacent to quartz rocks, and 12/15 (80%) of *T*. *inermis* were in hypolithic microhabitats ([Fig 4A and 4B](#pone.0235928.g004){ref-type="fig"}). Both samples of *B*. *argenteum*, a cosmopolitan weedy moss species, were found in soil surface microhabitats.

![Moss species from soil surface and hypolithic microhabitats in Mojave Desert Sheep Creek Wash.\
(A) *Syntrichia caninervis* growing in both soil surface and milky quartz hypolithic microhabitats. (B) *Tortula inermis* (white arrow) and *S*. *caninervis* (black arrow) growing in a milky quartz hypolithic microhabitat.](pone.0235928.g004){#pone.0235928.g004}

10.1371/journal.pone.0235928.t002

###### Species composition and microhabitat contingency table.

Occurrences of *Syntrichia caninervis*, *Tortula inermis*, and *Bryum argenteum* under milky quartz rocks and on adjacent soil surface.

![](pone.0235928.t002){#pone.0235928.t002g}

               *S*. *caninervis*   *T*. *inermis*   *B*. *argenteum*
  ------------ ------------------- ---------------- ------------------
  Hypolithic   12                  12               0
  Surface      24                  3                2

Fisher's exact test; *P* = 0.003.

Habitat-dependent shoot length & leaf density {#sec013}
---------------------------------------------

Hypolithic *S*. *caninervis* shoots were longer than soil surface shoots (*P* \< 0.0001, [Fig 5](#pone.0235928.g005){ref-type="fig"}). The length of living shoots from the soil surface was 1.21 mm on average, while hypolithic shoots averaged 1.97, 62% longer than those collected from soil surface habitats. Hypolithic *S*. *caninervis* shoots had a lower leaf density than those from the soil surface (*P* = 0.0125, [Fig 6](#pone.0235928.g006){ref-type="fig"}). Shoots from hypolithic microhabitats had 16.5 leaves/mm on average, while soil surface shoots had 28.7 leaves/mm.

![Differential shoot length in *Syntrichia caninervis* shoots from hypolithic and soil surface microhabitats.\
(A) Box plot of hypolithic and soil surface *S*. *caninervis* shoot length. \*\*\*\* Wilcoxon test, *P* \< 0.0001. Mean~HYP~ = 2.0 mm, mean~SUR~ = 1.2 mm; n~HYP~ = 50, n~SUR~ = 299. (B) An *S*. *caninervis* shoot from a soil surface microhabitat. (C) An *S*. *caninervis* shoot from a hypolithic microhabitat.](pone.0235928.g005){#pone.0235928.g005}

![Differential leaf density in *Syntrichia caninervis* shoots from hypolithic and soil surface microhabitats.\
Box plot of hypolithic and soil surface *S*. *caninervis* leaf density. \* Wilcoxon test, *P* = 0.0125. Mean~HYP~ = 16.5 leaves/mm, mean~SUR~ = 28.7 leaves/mm; n~HYP~ = 10, n~SUR~ = 23.](pone.0235928.g006){#pone.0235928.g006}

Discussion {#sec014}
==========

In this high elevation western Mojave Desert site, the living shoot tissue of *S*. *caninervis* was longer when growing in hypolithic microhabitats compared to the soil surface ([Fig 3](#pone.0235928.g003){ref-type="fig"}) and had lower leaf density ([Fig 4](#pone.0235928.g004){ref-type="fig"}), perhaps due to lower light \[[@pone.0235928.ref044]\]. Hypolithic mosses experience much lower light intensity than mosses on the soil surface, less than 4% of surface light intensity. Previous studies have found an average range of 50--99% of ambient PAR intensity reaching hypolithic spaces \[[@pone.0235928.ref025],[@pone.0235928.ref028],[@pone.0235928.ref045],[@pone.0235928.ref046]\]. At the low end, Beer's Law extrapolation from integrating sphere measurements of light transmittance through Mojave Desert quartz pebbles finds an average of just 1.18% light transmittance for all 18 quartz rocks that harbored hypolithic mosses in this study \[[@pone.0235928.ref033]\]. On the other hand, lower light intensity could also be a benefit, even to photosynthetic organisms such as mosses, by way of reduction of photobleaching and energy burden to dissipate excess light \[[@pone.0235928.ref047]\]. Light transmission through Mojave milky quartz is relatively constant across the visible region of the electromagnetic spectrum but increases slightly from 390 nm wavelengths to 1090 nm wavelengths (approximately the upper limit of ultraviolet light to the upper limit of infrared light). This suggests the possibility that not only is the hypolithic space a refuge from overall high light intensity but that hypoliths also experience a smaller proportion of damaging UV light relative to photosynthetically active radiation \[[@pone.0235928.ref047]\]. In fact, there is evidence that nearly all UV-A and UV-B radiation is filtered out before reaching hypolithic communities \[[@pone.0235928.ref025],[@pone.0235928.ref028]\]. *Syntrichia caninervis* develops a dark brown or black coloration in natural environments, a phenotypically plastic trait that does not occur in low-light laboratory conditions and may represent a UV sunscreen. This pigmentation was reduced or absent in quartz hypolithic microhabitats, possibly caused by the drastically different light environment. Interestingly, UV-B tolerance in mosses seems to correlate with desiccation tolerance \[[@pone.0235928.ref048]\] and *S*. *caninervis*, being one of the most desiccation-tolerant plants known, may also be expected to have high UV tolerance, too. Indeed, a close relative of this species, the also highly desiccation-tolerant *S*. *ruralis*, is not damaged by UV-B radiation, at least based on chlorophyll fluorescence \[[@pone.0235928.ref048]\].

Hypolithic *S*. *caninervis* plants may also be growing more, and thus have longer shoots, due to increased moisture retention resulting in an extended growing season relative to the adjacent soil surface \[[@pone.0235928.ref021]\] ([Table 1](#pone.0235928.t001){ref-type="table"}). In this study, the area under quartz rocks was moist to the touch and the mosses were hydrated two weeks post-rain (assessed May 11, 2014; 0.51 mm rain at nearby Palmdale Airport on April 26, 2014; month-to-date rain: 10.9 mm). Microclimate monitoring found the soil surface to have a mean daily low RH much lower than in the adjacent hypolithic microhabitat ([Table 1](#pone.0235928.t001){ref-type="table"}). Furthermore, we saw strong seasonal effects in RH differences between the microhabitats. In the warmer months, differences were smaller in magnitude and varied diurnally, with daytime having higher RH under quartz and night having higher RH on the soil surface. However, in winter the quartz hypolithic microhabitat almost always had higher RH than the soil surface. These data suggest the hypolithic spaces may act as a buffer to desiccation due to reduced evapotranspiration \[[@pone.0235928.ref027],[@pone.0235928.ref049]\]. In contrast, desert soil surface mosses may desiccate within a day after a rainfall \[[@pone.0235928.ref050],[@pone.0235928.ref051]\], even in as few as three hours \[[@pone.0235928.ref052]\]. The longest reported hydroperiod (time of complete hydration) for a Mojave Desert moss is 17 days, though most range between 1 and 4 days \[[@pone.0235928.ref052]\]. We found that nearly half of the monitoring period, the RH of hypolithic microhabitat was more than 10% higher than the soil surface, suggesting hypolithic mosses may be able take advantage of longer hydroperiods with more favorable RH. Indeed, hypolithic mosses receive very little light and would presumably need longer hydroperiods in order to take advantage of it. Longer hydroperiods not only allow mosses to remain photosynthetically active for a longer period of time, but overly brief periods of water availability may actually cause damage to desert mosses in the form of respiratory carbon deficit \[[@pone.0235928.ref053]\]. Similarly, soil moisture is higher under quartz in Antarctica \[[@pone.0235928.ref054]\], due in part to the tendency of meltwater draining around the edges of rocks and exposure of surface soil to wind drying \[[@pone.0235928.ref026]\].

Hypolithic microhabitats may also be providing refuge from extreme temperature fluctuations that are common in the Mojave Desert. Previous studies have reported hypolithic spaces to be up to 10 °C warmer than ambient air temperatures \[[@pone.0235928.ref033],[@pone.0235928.ref054]\], even preventing freezing in winter. However, in at least one case, lower temperatures were reported under quartz rocks \[[@pone.0235928.ref026]\]. These apparently conflicting results may be due to thermal inertia of the rocks causing a lag in temperature changes \[[@pone.0235928.ref026]\]. In other words, after heating over the course of a day, quartz will cool off more slowly than the air, potentially preventing freezing in hypolithic spaces. Correspondingly, hypolithic spaces experience a slower rate of heating, potentially resulting in lower temperatures under rocks relative to adjacent surface or ambient air temperatures as temperatures rise. This thermal buffering results in less daily temperature variation in hypolithic habitats than in surrounding surface habitats, a phenomenon also seen in hypolithic microbial systems \[[@pone.0235928.ref027],[@pone.0235928.ref046],[@pone.0235928.ref055]\], which may also facilitate moss shoot growth under quartz. Microclimate monitoring in this study supports this hypothesis. As seen in [Table 1](#pone.0235928.t001){ref-type="table"}, mean daily high temperatures were lower in hypolithic microhabitats while mean daily low temperatures were higher in hypolithic microhabitats. Furthermore, we found a strong diurnal effect on temperature differences between the two microhabitats. During the day, temperatures were higher on the soil surface but at night, it was frequently warmer under the quartz, further suggesting quartz provides buffering from temperature extremes.

Because they lack roots, mosses rely upon external deposition and subsequent absorption of essential nutrients such as nitrogen and phosphorus \[[@pone.0235928.ref056]\]. In hypolithic spaces, mosses might experience limited access to nutrients typically acquired via atmospheric deposition, especially in ecosystems with low soil fertility like deserts. In both cold and hot deserts, hypoliths typically harbor a suite of cyanobacteria, but these taxa lack significant nitrogen fixation capacity \[[@pone.0235928.ref057],[@pone.0235928.ref058]\]. When diazotrophic activity is present in hypoliths, it is generally accomplished by Proteobacteria \[[@pone.0235928.ref057]\]. Thus, despite the negative relationship between moss presence and cyanobacterial abundance in hypoliths \[[@pone.0235928.ref059]\], mosses growing in hypolithic niches could potentially acquire nitrogen from non-cyanobacterial diazotrophs.

Hypolithic moss species composition was distinct from soil surface species composition, with a higher prevalence of *T*. *inermis*. *Tortula inermis* typically occurs at lower elevations of the Mojave Desert than *S*. *caninervis*, which suggests that this species is adapted to hotter and drier conditions than *S*. *caninervis* \[[@pone.0235928.ref050]\]. In our study, *T*. *inermis* was much more likely to occupy protected hypolithic spaces than exposed surface conditions ([Table 2](#pone.0235928.t002){ref-type="table"}). This finding, while initially counterintuitive, may highlight the importance of interactions between both temperature stress and moisture availability in controlling the distribution of this species. Dryland mosses are photosynthetically efficient at low light levels, which tend to prevail in winter months when populations are hydrated \[[@pone.0235928.ref060]\] and overcast conditions are ideal for growth \[[@pone.0235928.ref061]\]. At the elevation of our study site, these periods when mosses are metabolically active are also accompanied by extreme low temperatures and significant snowfall events. Two such events occurred during our microenvironmental monitoring (Nov. 27, 2019 for 8 days and Dec. 25, 2019 for 10 days). These periods when snow covered the soil surface are evidenced by a constant difference in the temperature and RH readings from hypoliths and the soil surface, with hypoliths maintaining the same RH and a slightly warmer temperature than the surface (Figs [2](#pone.0235928.g002){ref-type="fig"} and [3](#pone.0235928.g003){ref-type="fig"}). Thus, at our study site, *T*. *inermis*, which is typically found at lower (i.e., warmer) elevations, may benefit from the thermal protection that hypolithic spaces provide during the growing season, and its prevalence in hypoliths may reflect lower levels of cold stress tolerance compared to *S*. *caninervis*. Although specific composition differed in the soil surface and quartz hypolithic microhabitats, *S*. *caninervis* was abundant in both. This pattern of distinct but overlapping communities in soil surface and hypolithic microhabitats has been found in other studies of hypolithic microbial systems \[[@pone.0235928.ref055],[@pone.0235928.ref062]\]. *Syntrichia caninervis* grows as a semi-continuous carpet in this Mojave Desert site and frequently occurs in fully exposed microsites, as well as under the shade of shrubs \[[@pone.0235928.ref063],[@pone.0235928.ref064]\]. This suggests that *S*. *caninervis* is perhaps more tolerant and physiologically plastic while *T*. *inermis* is may be restricted to hypolithic microhabitats in this high elevation site at the limits of its niche.

This study demonstrates that the desert hypolithic microenvironment provides conditions that support a different moss species composition and different growth patterns than the prevailing surface conditions. Our findings parallel those of prior work on microbial hypoliths that has also shown a community composition distinct from surrounding soils in terms of taxonomic abundance, but filtered from the regional pool of soil taxa by conditions unique to the hypolithic niche \[[@pone.0235928.ref024],[@pone.0235928.ref062]\]. Furthermore, this work expands upon our understanding of habitat partitioning and drivers of moss species diversity in desert environments. Our data suggest that in the western high elevation Mojave Desert, lower light, thermal buffering, and longer hydroperiods contribute to a higher representation of *Tortula inermis* and increased growth for the dominant moss *Syntrichia caninervis* in hypolithic microhabitats than on the soil surface. Although the hypolithic moss habitat is relatively understudied, the concept of microenvironment for mosses is not a new one \[[@pone.0235928.ref010],[@pone.0235928.ref065]--[@pone.0235928.ref067]\]. Even desert soil surface mosses tend to occupy specific microenvironments, such as in the shade of a shrub or on the north side of a boulder, where prevailing temperature and moisture conditions are buffered from those of the overall macroenvironment. Yet, the scale at which mosses experience their environment is probably as proportionate to their body size as the macroclimate is to macroorganisms. Landscape features such as mountain ranges are broadly appreciated for their influence on physical environmental conditions and associated species distributions; here we have shown that for smaller organisms, analogous microenvironmental features are not trivial, and can likewise influence community composition. In sum, this study reinforces the need to consider microenvironmental conditions and their variation in the characterization, prediction, and conservation of bryophyte communities.

Supporting information {#sec015}
======================

###### 

(MOV)

###### 

Click here for additional data file.

We thank the students from Cal State LA and Berkeley High School who have contributed to this project.

10.1371/journal.pone.0235928.r001

Decision Letter 0

Germino

Matthew

Academic Editor

© 2020 Matthew Germino

2020

Matthew Germino

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

29 Apr 2020

PONE-D-20-08918

Life under quartz: Hypolithic mosses in the Mojave Desert

PLOS ONE

Dear Ms. Ekwealor,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Jun 12 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Matthew Germino, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments:

We were able to obtain two thoughtful and useful reviews for your paper. Both reviewers and I think you have a nice contribution to the literature, and all of the reviewer comments should prove valuable in some minor touch ups to the MS. Please note that PLoS One does little to no editing for style, grammar, and typos\...as reviewer 1 notes, the mixing of citation styles should be addressed. Congratulations on a nice study and paper.

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. In your Methods section, please provide additional information regarding the permits you obtained for the work. Please ensure you have included the full name of the authority that approved the field site access and, if no permits were required, a brief statement explaining why.

3\. In your Data Availability statement, you have specified a link for the minimal data set however the link address given brings an error message; the data cannot be found.

PLOS defines a study\'s minimal data set as the underlying data used to reach the conclusions drawn in the manuscript and any additional data required to replicate the reported study findings in their entirety. All PLOS journals require that the minimal data set be made fully available. For more information about our data policy, please see <http://journals.plos.org/plosone/s/data-availability>.

Upon re-submitting your revised manuscript, please upload your study's minimal underlying data set as either Supporting Information files or to a stable, public repository and include the relevant URLs, DOIs, or accession numbers within your revised cover letter. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>. Any potentially identifying patient information must be fully anonymized.

Important: If there are ethical or legal restrictions to sharing your data publicly, please explain these restrictions in detail. Please see our guidelines for more information on what we consider unacceptable restrictions to publicly sharing data: <http://journals.plos.org/plosone/s/data-availability#loc-unacceptable-data-access-restrictions>. Note that it is not acceptable for the authors to be the sole named individuals responsible for ensuring data access.

We will update your Data Availability statement to reflect the information you provide in your cover letter.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is a nice little MS examining desert moss community structure and plant growth under quartz rocks, a subject of perennial interest, especially in dryland ecosystems. The current MS is well-written, addressing a straightforward reseach question and goal with a basic, but adequate, data set and analysis, and I have no problems with any of the conclusions the authors come to regarding the advantages of the hypolithic environment for supporting moss persistence (and applaud them for expanding the denizens of such habitats to include multi-cellular plants) . I do have some changes that I think the authors could make to strengthen what is already a pretty robust effort:

1\) There is enough information in the literature to formulate a true testable hypothesis regarding community composition and growth characteristics between inter- and under-rock micro-environments. For instance, one of the MS cited (Hamerlynck et al. 2002) showed that desiccation-tolerant mosses in shaded and exposed microenvironments in many ways \"flipped\" typical sun-plant and shade-plant attributes in vascular plants, and attributed this to the length of time out of the desiccated state. One could make a good case that, even with the dramatic attenuation of maximum PPFD intensity under quartz, enhanced moisture trapping and amelioration of temperature extremes such rocks provide could indeed favor much more prolonged periods of plant activity compared to the \"boom-bust\" on the surface.

2\) I think referring to hypolithic mosses as \"etiolated\" in any way is unwarranted. Etiolation is an induced behavior of light seeking which combines excessive cellular elongation and is associated with a lack of pigment production and pigment degradation. If these mosses were in a microhabitat that resulted in etiolation, well, they just wouldn\'t be there long enough to establish in the first place. These are not etiolated plants, they are well-adjusted and fully adapted to the conditions they have established and persist in, and your structural data clearly support this assertion.

3\) In light of \#1 (above), mean relative humidity and temperature, though indicative of the broad differences between these habitats, are not what these plants are responding to, and you would be better served to fully present such differences. Rather, it is the differences in the cumulative period of favorable moisture and associated temperatures that are important. The authors have the detailed data, and can do more with it. A few suggestions: (a) generate probability density function for bins of humidity differences between surface and hypolithic microenvironments (a basic ecohydrological approach used frequently in inter-canopy vs under-canopy comparisons in dryland ecosystems - delve into Russell L. Scott\'s work (<https://scholar.google.com/citations?user=3QI1SOMAAAAJ&hl=en>), he uses them. He uses them a lot.) (b) quantify the average periods of time for bins of humidity and temperature differences between hypolithic and surface locations. The critical thing to establish is how much more frequent and how much longer conditions are favorable for hypolithic mosses, which is the critical feature that allows them to effectively utilize what are very low PPFD. This has been done for these mosses in more typical microhabitats, but not for this unique setting. There may be other creative ways to present data to reflect this, so ponder it a bit, and come up with a way to do so!

4\) These mosses are not alone under there, as previous work by Schlesinger et al. (2004) show. Sharing space with blue-green algae and other photosynthetic prokaryotes, which are critical lynch-pins in dryland nutrient dynamics (especially nitrogen, and not just in the Antarctic, BTW), is likely going to help hypolithic mosses as well, especially in nutrient availability and subsequent photosynthetic pigment/enzyme production. Desiccation-tolerant mosses get pretty much everything via atmospheric deposition, which tends to be dry deposition in desert systems. Being under a rock is not going to be all that great a place to get much dry deposition (though it could be mobilized and accumulate following rain), but proximity to N-fixers over longer and more frequent humidity conditions would increase the overall ability of these mosses to get those limiting resources. Just a point to consider for your results, and future research directions.

5\) Minor annoyed gruffing: keep your citation format in the text body consistent; there are several occasions where you shift from reference number to full citations (i.e. Whozits et al. 1883, rather than \[1\]).

6\) From the \"If This Were a Perfect World\" files: if you at all retained the plant samples you used, getting an estimate of individual plant mass would be invaluable. Having plant mass alone would be of interest in and of itself (hello biomass!), but you could also estimate specific length (g dry mass m-1 of shoot length) of each plant, which, though not as informative as specific mass (g dry mass m-2 surface area), would provide information on total C-acquisition capacity between surface and hypolithic plants. If you don\'t, well, I\'ll be content to live with the study you did, not the one you didn\'t.

Reviewer \#2: The manuscript, "Life under quartz: hypolithic mosses in the Mojave Desert" is concise & well-written. The study's main objective was to identify the taxonomic diversity of mosses beneath hypolithic quartz rocks and to compare it to that of adjacent soil surface communities. The authors rightly point out that little is known about the unique moss habitat compared to adjacent moss living freely on the bare soil surface. These microbial communities are integral to an understanding of ecosystem services in desert environments, and an understanding of their biodiversity is also critical as a baseline in observing changes to the Mojave Desert as climate change progresses.

The study's main findings found 1) data from microclimate loggers support the hypothesis that quartz provides microclimate buffering compared to the soil surface; 2) environmental differences enable niche partitioning, with T. inermis much more likely to occupy low light hypolithic spaces and S. caninervis more prevalent in hotter and drier exposed surface conditions, enhancing alpha diversity; 3) the hypolithic environment is buffered compared to bare soil surface microhabitat, particularly with respect to a more clement moisture regime that does not subject the community to as severe desiccation as the bare surface; 4) none of the similarly-sized non-quartz rocks supported hypolithic moss communities and 5) hypolithic moss species composition is distinct from soil surface species composition- i.e., hypolithic habitat supports both different moss species and different growth patterns than prevailing surface conditions. These findings will be of interest to the general microbial and specific desert ecology fields, along with those studying Mars analog extreme environments.

The results and discussion sections were clear and interesting, with some fascinating points. I really enjoyed reading the paper- well done!

I recommend publication after addressing the following minor comments.

1\. Fig 1 C. In this picture you see the green hypolithic moss below the quartz rock and the dark black moss community on the periphery surrounding the quartz pebble. Are they different species or the same (I am assuming only one S. caninervis given the figure legend) species with different pigments? Is the dark black in the picture the moss you are referring to in the text as "on the bare soil surface"? In other words, I am a bit confused as to what exactly you are comparing, ie, did you put the ibutton in the green moss pictured here under the quartz and then under? the black moss directly adjacent shown here? Or was the moss you were comparing to the hypolithic one located some distance away on a bare surface nearby? Please clarify.

2\. In light of \#1, for your conclusions (line 242-244), T. inermis much more likely to occupy low light hypolithic spaces and S. caninervis more prevalent in hotter and drier exposed surface conditions. But, if there is also the same species in both the hypolithic and adjacent soil surface as well as in either/or it would also seem to me that S. caninervis is perhaps more hardy and adaptable (generalist?) to either the hypolithic or the bare surface microhabitat---ie it doesn't really care which microhabitat it is in (high elevation, low elevation, open soil or hypolithic habitat) whereas the T. inermis is more finicky and/or less adaptable (as you reference in terms of its restriction to cooler, moister conditions). This also means that S. caninervis is less sensitive to high UV/light conditions as well, since it is pretty much in most available micro-habitats in your study area compared to the other species?

3\. I would suggest that with your results in Table 1 it is (clearly and mostly) the higher % RH in terms of the low that controls this niche partitioning situation. Would you agree and if so, please also emphasize this. Very interesting.

4\. Line 79-80. No active repair but obviously avoidance strategies including pigmentation---if so, please add a line or two on this in that same paragraph. Line 262-264---they are also clearly using pigmentation so please also mention that here as well. If you have any info on the differences in pigmentation, please include it.

5\. For figure 1 can you please also add a picture of the other two types of moss in your study for those of us not very familiar with desert mosses.

6\. Line 235-236: hypolithic moss species composition is distinct from soil surface species composition. But they also overlap as well, with both S. caninervis and T. inermis being found in both the hypolithic and the open surface as well. Please also mention this and that this has also been found for other hypoliths versus bare surface soil (e.g, Namib Desert, see Stomeo et al. 2013 and other more recent refs and also Antarctica).

7\. The discussion is a bit light. Can you add a paragraph to put your findings in greater context for both mosses and for other hypolithic microbial systems and in comparison to BSC in the Mojave and perhaps with other deserts (e.g., Namib Desert hypoliths vs bare surface soil communities, Stomeo et al. 2013) such as Sonoran. You have done a good job mentioning other studies via the refs but I think this warrants a separate paragraph to elaborate upon. Also, one ref to consider including is Mogul et al. 2017. Please also extend the discussion a bit more to summarize on how your results expand our understanding of habitat partitioning (line 99 and 298).

8\. Line 199-201: was there moss growing only on the surface in those quadrats--- ie not associated with any quartz rocks and just by itself? If so, please elaborate on the implications of this, depending on if one or all three mosses are found on bare soil surface (or nearby under shade plants). This would point to the key advantage of the quartz being the increased moisture under the rocks if they are also out in open bare surface soil or if they are also only found under shade plants.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Reviewer \#1: This is a nice little MS examining desert moss community structure and plant growth under quartz rocks, a subject of perennial interest, especially in dryland ecosystems. The current MS is well-written, addressing a straightforward reseach question and goal with a basic, but adequate, data set and analysis, and I have no problems with any of the conclusions the authors come to regarding the advantages of the hypolithic environment for supporting moss persistence (and applaud them for expanding the denizens of such habitats to include multi-cellular plants) . I do have some changes that I think the authors could make to strengthen what is already a pretty robust effort:

1\) There is enough information in the literature to formulate a true testable hypothesis regarding community composition and growth characteristics between inter- and under-rock micro-environments. For instance, one of the MS cited (Hamerlynck et al. 2002) showed that desiccation-tolerant mosses in shaded and exposed microenvironments in many ways \"flipped\" typical sun-plant and shade-plant attributes in vascular plants, and attributed this to the length of time out of the desiccated state. One could make a good case that, even with the dramatic attenuation of maximum PPFD intensity under quartz, enhanced moisture trapping and amelioration of temperature extremes such rocks provide could indeed favor much more prolonged periods of plant activity compared to the \"boom-bust\" on the surface.

\- We thank the reviewer for this comment. While we agree this would be interesting and insightful to compare to other systems, unfortunately we don't believe it is possible within this study. Within bryology, and especially desert bryology, we are still learning basic ecology and natural history of many species. At present, the authors do not feel they have enough understanding of the ecology of T. inermis to make stronger predictions or conclusions than those we have. However, we have added more discussion about the possible niche of T. inermis and how that relates to this study (Lines 361-374).

2\) I think referring to hypolithic mosses as \"etiolated\" in any way is unwarranted. Etiolation is an induced behavior of light seeking which combines excessive cellular elongation and is associated with a lack of pigment production and pigment degradation. If these mosses were in a microhabitat that resulted in etiolation, well, they just wouldn\'t be there long enough to establish in the first place. These are not etiolated plants, they are well-adjusted and fully adapted to the conditions they have established and persist in, and your structural data clearly support this assertion.

\- Thank you for this insight. We have removed the lines about etiolation.

3\) In light of \#1 (above), mean relative humidity and temperature, though indicative of the broad differences between these habitats, are not what these plants are responding to, and you would be better served to fully present such differences. Rather, it is the differences in the cumulative period of favorable moisture and associated temperatures that are important. The authors have the detailed data, and can do more with it. A few suggestions: (a) generate probability density function for bins of humidity differences between surface and hypolithic microenvironments (a basic ecohydrological approach used frequently in inter-canopy vs under-canopy comparisons in dryland ecosystems - delve into Russell L. Scott\'s work (<https://scholar.google.com/citations?user=3QI1SOMAAAAJ&hl=en>), he uses them. He uses them a lot.) (b) quantify the average periods of time for bins of humidity and temperature differences between hypolithic and surface locations. The critical thing to establish is how much more frequent and how much longer conditions are favorable for hypolithic mosses, which is the critical feature that allows them to effectively utilize what are very low PPFD. This has been done for these mosses in more typical microhabitats, but not for this unique setting. There may be other creative ways to present data to reflect this, so ponder it a bit, and come up with a way to do so!

\- Thanks for the clear and apt suggestions. We have created histograms of differences between the two habitats in temperature and relative humidity (RH) at every time point (once every hour) for the whole 5 months of monitoring. We used these histograms to summarize the amount of time that RH is more favorable (defined as \>10% higher), less favorable (\>10% lower), and not different (+-10%) in the two habitats. We have included these new methods in lines 137-140, and results are included in lines 188-191 and 196-205. We also created two new plots to visualize the differences in temperature and RH over the 5 months in Fig 2 and Fig 3. We believe these figures show striking patterns in the microclimate differences, on both a diurnal and seasonal scale.

4\) These mosses are not alone under there, as previous work by Schlesinger et al. (2004) show. Sharing space with blue-green algae and other photosynthetic prokaryotes, which are critical lynch-pins in dryland nutrient dynamics (especially nitrogen, and not just in the Antarctic, BTW), is likely going to help hypolithic mosses as well, especially in nutrient availability and subsequent photosynthetic pigment/enzyme production. Desiccation-tolerant mosses get pretty much everything via atmospheric deposition, which tends to be dry deposition in desert systems. Being under a rock is not going to be all that great a place to get much dry deposition (though it could be mobilized and accumulate following rain), but proximity to N-fixers over longer and more frequent humidity conditions would increase the overall ability of these mosses to get those limiting resources. Just a point to consider for your results, and future research directions.

\- We appreciate this advice and have incorporated microbial community into the discussion (lines 348-356).

5\) Minor annoyed gruffing: keep your citation format in the text body consistent; there are several occasions where you shift from reference number to full citations (i.e. Whozits et al. 1883, rather than \[1\]).

\- We have corrected these, thank you. Sincere apologies for the annoyance!

6\) From the \"If This Were a Perfect World\" files: if you at all retained the plant samples you used, getting an estimate of individual plant mass would be invaluable. Having plant mass alone would be of interest in and of itself (hello biomass!), but you could also estimate specific length (g dry mass m-1 of shoot length) of each plant, which, though not as informative as specific mass (g dry mass m-2 surface area), would provide information on total C-acquisition capacity between surface and hypolithic plants. If you don\'t, well, I\'ll be content to live with the study you did, not the one you didn\'t.

\- This is an interesting suggestion and we appreciate it. Unfortunately between tissue limitation (we sampled very conservatively the first time and several samples have no un-dissected stems left), and ongoing shelter-in-place orders in the area preventing us from even reaching the samples, these additional measurements will not be possible for this study at this time. However we do thank the reviewer for the suggestion as it may help us design better future studies.

Reviewer \#2: The manuscript, "Life under quartz: hypolithic mosses in the Mojave Desert" is concise & well-written. The study's main objective was to identify the taxonomic diversity of mosses beneath hypolithic quartz rocks and to compare it to that of adjacent soil surface communities. The authors rightly point out that little is known about the unique moss habitat compared to adjacent moss living freely on the bare soil surface. These microbial communities are integral to an understanding of ecosystem services in desert environments, and an understanding of their biodiversity is also critical as a baseline in observing changes to the Mojave Desert as climate change progresses.

The study's main findings found 1) data from microclimate loggers support the hypothesis that quartz provides microclimate buffering compared to the soil surface; 2) environmental differences enable niche partitioning, with T. inermis much more likely to occupy low light hypolithic spaces and S. caninervis more prevalent in hotter and drier exposed surface conditions, enhancing alpha diversity; 3) the hypolithic environment is buffered compared to bare soil surface microhabitat, particularly with respect to a more clement moisture regime that does not subject the community to as severe desiccation as the bare surface; 4) none of the similarly-sized non-quartz rocks supported hypolithic moss communities and 5) hypolithic moss species composition is distinct from soil surface species composition- i.e., hypolithic habitat supports both different moss species and different growth patterns than prevailing surface conditions. These findings will be of interest to the general microbial and specific desert ecology fields, along with those studying Mars analog extreme environments.

The results and discussion sections were clear and interesting, with some fascinating points. I really enjoyed reading the paper- well done!

I recommend publication after addressing the following minor comments.

1\. Fig 1 C. In this picture you see the green hypolithic moss below the quartz rock and the dark black moss community on the periphery surrounding the quartz pebble. Are they different species or the same (I am assuming only one S. caninervis given the figure legend) species with different pigments? Is the dark black in the picture the moss you are referring to in the text as "on the bare soil surface"? In other words, I am a bit confused as to what exactly you are comparing, ie, did you put the ibutton in the green moss pictured here under the quartz and then under? the black moss directly adjacent shown here? Or was the moss you were comparing to the hypolithic one located some distance away on a bare surface nearby? Please clarify.

\- Thank you for pointing out the ambiguities in how we presented these methods and this figure. We have added details to the methods (lines 153-155), added arrows to figures 1B and 1C, and have added more details to figure 1C legend. We have also added an additional figure, Figure 4, to more clearly demonstrate growth forms of these mosses in the different microhabitats. Finally, we added microscopic images of S. caninervis stems as an examplar of shoot length and pigmentation differences.

2\. In light of \#1, for your conclusions (line 242-244), T. inermis much more likely to occupy low light hypolithic spaces and S. caninervis more prevalent in hotter and drier exposed surface conditions. But, if there is also the same species in both the hypolithic and adjacent soil surface as well as in either/or it would also seem to me that S. caninervis is perhaps more hardy and adaptable (generalist?) to either the hypolithic or the bare surface microhabitat---ie it doesn't really care which microhabitat it is in (high elevation, low elevation, open soil or hypolithic habitat) whereas the T. inermis is more finicky and/or less adaptable (as you reference in terms of its restriction to cooler, moister conditions). This also means that S. caninervis is less sensitive to high UV/light conditions as well, since it is pretty much in most available micro-habitats in your study area compared to the other species?

\- Yes, thanks for these questions and comments. We have changed the discussion to incorporate these points (lines 297-305 and 374-382).

3\. I would suggest that with your results in Table 1 it is (clearly and mostly) the higher % RH in terms of the low that controls this niche partitioning situation. Would you agree and if so, please also emphasize this. Very interesting.

\- We have included new RH analyses (lines, Figure, lines 137-140 and 196-205), and have added emphasis of the importance of RH differences in the discussion (lines 312-324).

4\. Line 79-80. No active repair but obviously avoidance strategies including pigmentation---if so, please add a line or two on this in that same paragraph. Line 262-264---they are also clearly using pigmentation so please also mention that here as well. If you have any info on the differences in pigmentation, please include it.

\- Thank you for the suggestion. We have included discussion of passive avoidance strategies such as leaf curling and pigmentation possibilities in the introduction and in the discussion (lines 312-324).

5\. For figure 1 can you please also add a picture of the other two types of moss in your study for those of us not very familiar with desert mosses.

\- We have added photos of the different species of hypolithic mosses to Figures 4 and 5.

6\. Line 235-236: hypolithic moss species composition is distinct from soil surface species composition. But they also overlap as well, with both S. caninervis and T. inermis being found in both the hypolithic and the open surface as well. Please also mention this and that this has also been found for other hypoliths versus bare surface soil (e.g, Namib Desert, see Stomeo et al. 2013 and other more recent refs and also Antarctica).

\- We have added this point to the discussion (lines 374-382 and 385-388).

7\. The discussion is a bit light. Can you add a paragraph to put your findings in greater context for both mosses and for other hypolithic microbial systems and in comparison to BSC in the Mojave and perhaps with other deserts (e.g., Namib Desert hypoliths vs bare surface soil communities, Stomeo et al. 2013) such as Sonoran. You have done a good job mentioning other studies via the refs but I think this warrants a separate paragraph to elaborate upon. Also, one ref to consider including is Mogul et al. 2017. Please also extend the discussion a bit more to summarize on how your results expand our understanding of habitat partitioning (line 99 and 298).

\- We have added more discussion about hypolithic microbial systems (lines 348-356 and 385-388) and habitat partitioning (lines 380-382).

8\. Line 199-201: was there moss growing only on the surface in those quadrats--- ie not associated with any quartz rocks and just by itself? If so, please elaborate on the implications of this, depending on if one or all three mosses are found on bare soil surface (or nearby under shade plants). This would point to the key advantage of the quartz being the increased moisture under the rocks if they are also out in open bare surface soil or if they are also only found under shade plants.

\- Yes, mosses at this site grow in a semi-continuous carpet between shrubs and possibly not associated with any quartz rocks. Although our surface sampling for this study focused on collecting immediately adjacent to quartz rocks, previous studies at this site have found similar composition to our surface community composition (Baughman et al., 2017 and unpublished data). We have added more discussion on this point (lines 378-382), thank you.
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Dear Dr. Ekwealor,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.
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